We demonstrate that clusters of phosphorus atoms can be detected in energy loss specuoscopic images (ESI) o f c y t~l etal proteins of squid axons. In series of images taken at four energy windows below and three windows above the phosphorus P-L2,3 ionization edge, signal-to-background intensity differences were analyzed by videodensitometry. A distinct increase of relative intensities was recorded above the phosphorus edge in neurofilaments of the peripheral giant axon and in those of the presynaptic terminal. A high level of n e w o f h e m phosphorylation in the peripheral axon sup ' Supported by the Deutsche Forschungsgemeinschaft (Ma 259/12). Correspondence to: Prof. R. Martin, Elektronenmikroskopie, Universitat Ulm. D 89069 Ulm, Germany.
Introduction
Electron energy loss spectroscopic methods for imaging element distributions in high-resolution electron micrographs (ESI) have been advantageous for selective visualization of phosphorus-rich, DNAIRNA-containing structures such as nucleosomes (l), ribosomes (2,3), ribonucleoprotein particles (4,5), kinetochores (6), Balbiani rings (7), and phospholipid membrane bilayers (8, 9) . These organelles contained more than a hundred to several thousand phosphorus (P) atoms in a narrow space.
The P content of proteins is more difficult to detect by ESI. P-proteins rarely contain more than 30 P-atoms per molecule. Moreover, P signals may be superimposed by plasmon and multiple scattering effects caused by high mass density of the proteins. The detection limit for ESI was estimated to be around 40 P-atoms in a cluster (9). A detection limit of 34 P-atoms in a 15-nm probe was calculated for electron energy loss spectroscopic analysis (EELS) (10) .
In giant axom of the squid, especially in the peripheral giant axon and in the presynaptic terminal of the giant synapse, we observed by ESI bright spots caused by inelastic scattering in axon structures (1 I), here called axoplasmic signals. These signals were evident far below the ionization threshold of phosphorus (AE = 132 eV for P-L2,3) and apparently became brighter in spectral lines 4 1 :1133-1139, 1993) above AE = I32 eV, i.e., they exhibited a m m density and a P-signal component. We interpreted these axoplasmic signals to be due to highly phosphorylated cytoskeletal proteins, especially high molecular weight neurofilament proteins. Recently this interpretation was put on firmer ground when the polypeptide sequence of the high molecular weight neurofilament protein of the squid was predicted from cDNA clones (12). This sequence in the C-terminal tail domain contains 21 repeated JSSP, 11 RSP, and 32 SEK motifs. If serine residues in most of these triplets are phosphorylated, the P content of squid neurofilaments can potentially be visualized by ESI.
We here introduce and apply a videodensitometric method for analysis of signal-to-background intensity differences in micrographs taken below and above the phosphorus L2.3 ionization edge. We clearly detected a P-signal component in axoplasmic signals of peripheral and presynaptic squid axons and in the highly phosphorylated protein phosvitin. Controls were unphosphorylated proteins and dephosphorylated phosvitin. This sensitive spectroscopic method allows analysis of single protein molecules in situ and appears to be more direct than immunocytochemical or biochemical methods.
Materials and Methods
Preparation of Squid Axons and Synapses. Stellate ganglia of mediumsite squids (Loligo pealer] were fived at the Marine Biological Laboratory (Woods Hole, MA). Perfusion-fixation ofthe gangiion through the ascending aorta was carried out as described (13) . Some of the specimens were also prepared by immersion of the isolated ganglion in fixative. Fixative A was composed of 10 ml glutaraldehyde (25%), 50 ml artificial seawater, and 40 ml H20 containing 65 mM Na-cacodylate. 350 mM sucrose, and 170 mM NaCI. pH 7.4. Fixative B consisted of 50 ml artificial seawater. 50 ml H20 with 4 g paraformaldehyde, 65 mM Na-cacodylate, 350 mM sucrose and 170 mM NaCI, and 1 ml glutaraldehyde (25%). pH 7.4. A central piece of the ganglion with the giant synapse and the last stellar nerve were dehydrated in graded series of ethanol and propylene oxide, and embedded in Epon. without applying heavy metals.
Control Proteins. For control proteins we directly mixed dry substance of a high molecular weight SDS-calibration kit (Pharmacia; Uppsala. Sweden) with Epon. A very dense globular protein, presumably the 185 KD subunit chain of a2-macroglobulin was analyzed in ultra-thin sections. As a highly phosphorylated control, chicken egg yolk was suspended in PBS, homogenized, and centrifuged at 4000 rpm. The pellet was fixed in Nacacodylate-buffered (0.1 M) glutaraldehyde (2.5%) and embedded in Epon. As a negative control yolk samples were dephosphorylated by incubating drops of yolk in dephosphorylation buffer (50 mM Tris, 100 mM NaCI, 1 mM ZnCl2) containing 25 Ulml bacterial alkaline phosphatase (Type 111) (Sigma; Munich, Germany), pH 8. at 37'C for 30.60, and 120 min. After enzymatic digestion the samples were centrifuged and the pellets were fixed and embedded in Epon.
Electron Spectroscopic Imaging. Only sections <25 nm thick were examined. Sections were selected by eye at low magnification and the relative thickness tllambda was estimated by EELS in areas of pure Epon next to the analyzed particles (14. 15) (Figure 1 ). The transmission electron microscope with energy filter (CEM 902; Zeiss) was operated at 80 kV with a beam current of 60 PA, a 60-pm objective aperture, and a ? 5 eV energy window. At x 30,000 series of micrographs were taken at AE = 97 t 5, 107, 117, 127, 137, 147, and 157 eV on Kodak SO 163 electron image film; the three higher settings were above the phosphorus L2.3 edge at AE = 132 eV. The automatic exposure was set at 0.2 electrons/pm2 to avoid over- exposure in bright areas. The linearity of exposure and gray levels of the photographic film was confirmed by a test series for the whole range of exposures. Exposure times (6-50 sec) were automatically adjusted as a function of the beam current (30 x A) which was averaged across the image area. Therefore, within one series the background was of about equal brightness.
to 25 x Videodensitomeaic Analysis. The photographic negatives were recorded in transmitted light with a videocamera, digitized, and stored in a PC on an image processing board. They were processed in a 512 x 512 matrix with 256 gray levels for each pixel. The overall magnification (EM and LM) was such that each particle covered not less than 10 pixels. With the help of a special computer program for each of the analyzed particles, the surrounding background area was used to extrapolate the optical density below the measured signal spot. By subtraction, the optical density and the size ofthe particla could be determined. The method 7vas as follows: Starting from a border around the spot chosen by the user, the program approaches the spot from all sides, searching for the optimal background values (taking into account statistical fluctuations) and the start of the actual peak (calculation border). Through the determined background points a threedimensional plane surface is fitted by least-square method. Finally the intensity of the peak is determined by summing all pixels within the calculation border (roughly the size of the particle):
where Gi is the measured gray value of pixel i and G(B)i is the calculated gray value of the background. The different mean values of intensities were normalized to the means at AE = 107 eV. The final values given in the Specific particles were selected and analyzed throughout the series of seven micrographs. For the axoplasmic particles more than 250 different particles were cxamined in different axonal areas of four different specimens. For the control proteins more than 30 different signals were analyzed in four series of micrographs.
Results

A Phosphorus Component in Signah of the Perz$heral Giant Axon
When <25-nm thick uncontrasted Epon sections through giant axons. after their exit from the stellate ganglion, were analyzed by ESI at AE = 155 eV, many small intense signals of about 10-15-nm diameter were detectable. In longitudinally cut axom these signals were often lined up on filamentous structures (Figure 2) . In series of micrographs bracketing four windows below (AE = 97 5, 107, 117, 127 eV) and three windows above (AE = 137 f 5, 147, 157 eV) the P-L2, 3 ionization edge (AE = 132 eV), the signals did not fade much below the P edge, i.e., they exhibited high mass density (Figure 3a ). This mass density was more pronounced in axoplasmic signals than in signals of ribosomes in the surrounding sheath, which abruptly disappeared below the P edge (Figure 3b ). When we examined by videodensitometry more than 250 axoplasmic signals in 10 series of micrographs, we found a slight increase of relative intensities below and a significantly larger increase above the P edge (Figure 4 ). This discontinuity of the relative intensities, which started between AE = 127 and BE = 137 eV, is interpreted as due to a P component in the axoplasmic signals. 
Signals in the Presynaptic Giant Axon
Like the peripheral giant axon, the presynaptic giant axon in the stellate ganglion exhibited distinct signals at AE = 150 eV ( Figure  Sa) . In an adjacent 20-nm section contrasted with uranyl acetate and lead citrate, dense spots the size of the signals were often connected by filamentous structures (Figure 5b ). In energy filtered micrographs (AE = 60 eV) of 0.7-pm contrasted sections through the longitudinally oriented presynaptic axon, the neurofilament scaffold was evident ( Figure 6 ). We assume that small knobs on the neurofilaments are the signal-emitting structures ( Figure 6 ). When we examined by videodensitometry presynaptic signals in 10 series of electron spectroscopic micrographs, we again found a sudden increase of relative intensities starting at about the P edge ( Figure 7 ). We conclude that the signals in the presynaptic axoplasm also contain a phosphorus component. Figure 7 shows two groups of data, one derived from formaldehyde-, the other from glutaraldehyde-fixed specimens. The relative intensities determined in formaldehyde-fixed specimens increased more abruptly than those of glutaraldehyde-fixed samples. We assume that the formaldehyde fixative precipitated fewer axoplasmic background proteins. The relative intensities of the signals increased faster because of decreasing background gray levels. 
The Cozlrse of Relative Intensities in Control Proteins
In series of electron spectroscopic micrographs of a dense globular control protein, no discontinuity was evident in the relative intensities ( Figure 8 ). In contrast, the protein phosvitin of yolk, which is one of the most phosphorylated proteins known, exhibited a distinct discontinuity in the relative intensities starting at the P edge (Figures 9a. and 9c) . When yolk was dephosphorylated the yolk proteins appeared disaggregated, exhibited low mass density, and the relative intensities did not show a P component (Figures 9b,  and 9c ).
Discussion
Evidence is presented for direct visualization of the phosphorylation in proteins of the neuronal cytoskeleton with an EELS and a densitometric method. In our experience image subtraction of stored images by conventional two-or three-window methods (for review see 16) is unreliable when a small P-signal component is masked by multiple scattering due to mass density. In EELS curves the P component is also unconspicuous because it rests on an intense plasmon shoulder. Moreover, phosphoproteins usually are not large enough for analysis with EELS. With the videodensitometric method employed here photographic images were analyzed that are devoid of the noise caused by electronic amplification. To keep background intensities low it is important to use extremely thin sections with thicknesses around 20 nm, and the proteins must be included in a resin with low background scattering. P signals were more distinct in uncontrasted aldehyde-fixed specimens than after application of osmium. Another advantage was the use of a formaldehyde fmtive that precipitates fewer axoplasmic background proteins than glutaraldehyde, with the benefit of larger relative intensities. With these optimization steps it appears possible to detect P quantities near the estimated and theoretical detection limit. The reliability of our method rests in the fact that we analyze a large number of signals, extrapolate the density of the immediate background area at the signal, and plot data of several windows below and above the P-L2.3 edge. It will not be possible to quantitate P-signal components because of density variations in the different background areas, fragmentation of many of the axoplasmic structures in these very thin sections, and variations in section thicknesses in different areas of the same section and in different sections. Detectability of the P-edge discontinuity in relative intensities is improved as compared to the exponential curves in EELS because the optical densities of the seven micrographs in a series were normalized by increasing exposure times, resulting in a quasilinear presentation.
We assume that the intense inelastic scattering generating these axoplasmic signals is caused by the C-terminal extensions of the heavy neurofilament proteins. However, the signal-emitting structures appear to be fine knobs on filaments, not elongated sidearms as those shown in unfixed isolated neurofilaments of squid axons (17) . The globular appearance of these structures presumably is an aldehyde fixation artifact. They correspond to bead-like portions of squid neurofilaments which in immunocytochemical preparations were recognized by an antibody against a phosphorylated epitope of the squid heavy neurofilament protein (18).
The heavy neurofilament protein of squid axons appears especially suitable for ESI analysis because many potential phosphorylation sites are clustered in the distal C-terminal domain (12) . The exact number of phosphate groups per molecule is not known; it may amount at its lowest to 21 or at most to 64 phosphorus atoms. It is also not clear how completely these neurofilament molecules are phosphorylated.
Confirming immunocytochemical and biochemical studies (18. 19). we found a distinct phosphorus component in signals of the peripheral giant axon after exit from the ganglion. In a previous study evidence was presented for a gradual proximodista! increase of the number of axoplasmic signals in the giant axon from its origin in the ganglion to its exit (11). This agrees with observations in mammalian systems that proximal axons possessed unphosphorylated neurofilaments, whereas phosphorylated neurofilaments occurred in long fibers including terminal axons (20). Phosphorylation of the neurofilament cytoskeleton was found to be a slow post-translational process associated with entry of the neurofilament proteins into the axon (21-23).
However, observation of a distinct P component in axoplasmic signals of the presynaptic terminal in the giant synapse is in conflict with immunochemical and biochemical results. In an immunocytochemical study Cohen et al. (18) did not find labeling of the presynaptic terminal with a phosphorylation-dependent antibody against the 220 KD and high molecular weight components of neurofilaments in the giant synapse. In addition, in neurofilament-enriched extracts of the stellate ganglion including the giant synapse, proteins co-migrating with the high molecular weight protein or with the 220 KD neurofilament protein were not detected (19,24,25) .
In this respect it should be considered that the second-order giant fiber with its presynaptic fingers is by volume a minor component of the stellate ganglion in which the cell somata and axon initial segments prevail (26). Unphosphorylated proteins therefore may exceed in the extracts. The presynaptic terminal is the most distal compartment of the second-order giant axon, the cell body of which is located far removed in the palliovisceral lobe of the brain. Intense phosphorylation of the cytoskeleton in the most distal part of this axon agrees with the assumption of a soma-axon phosphorylation gradient. The EELS method makes it possible to analyze with high elemental and spatial resolution the phosphorylation state of single protein molecules in their undisturbed topographical position.
